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Abstract—In Fe–Pd ferromagnetic shape memory alloys a face-centered tetragonal (fct) martensite can be obtained when cooling the face-centered
cubic austenite through the martensite transition. Nevertheless, further irreversible transformation on cooling into a body-centered tetragonal (bct)
martensite needs to be prevented in order to retain the shape memory properties. Differential scanning calorimetry experiments demonstrate that high
temperature thermal treatments stabilize the fct phase, reducing the fct–bct transformation temperature. A large misfit between the cell parameters of
fct and bct phases was determined by neutron diffraction, pointing to the critical role of dislocations in the accommodation of both phases. The
presence of dislocations and its dynamics was analyzed by mechanical spectroscopy, and a relaxation peak at �443 K related to the dislocation move-
ment was identified. The driving force of the relaxation process can be proposed as a dislocation dragging mechanism controlled by the migration of
vacancies without break-away. Defects such as dislocations and vacancies have been shown to play an important role in changing the irreversible
phase transformation temperature. A reduction in the dislocation density reduces the irreversible transformation temperature and so increases
the stability range of the alloy.
� 2014 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

Keywords: Fe–Pd; Ferromagnetic shape memory alloys; Martensitic transformation; Dislocation dynamics
1. Introduction

Ferromagnetic shape memory alloys (FSMAs) have
attracted much scientific and technological interest owing
to a broad range of possible engineering applications and
highly stimulating fundamental physics related to the cou-
pling between structural, mechanical, magnetic and ther-
modynamic properties [1,2]. Although the Ni2MnGa
Heusler alloys have received most attention [3], alternative
materials systems with complementary properties have also
become attractive due to their higher ductility, better corro-
sion resistance or biocompatibility [4,5]. Concerning the
Fe–Pd system, the face-centered tetragonal (fct) martensitic
phase allows the magnetic shape memory effect by the
reorientation of martensite variants via twin boundary
motion. The fct martensite can be obtained when cooling
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face-centered cubic (fcc) austenite through the martensite
transition (MT) [6,7]. From the crystallographic point of
view the fct martensite is indeed a bct structure; neverthe-
less, it is usual in the literature of FePd alloys to talk about
fct when the Bain distortion of the initial fcc austenite is
small. This structural transformation from fcc to fct takes
place only in a very narrow compositional range
(29 < at.% Pd < 32) and the transformation temperatures
lie typically below room temperature (RT) [8,9]. Neverthe-
less, further irreversible transformation on cooling into
body-centered tetragonal (bct) and cubic (bcc) martensites
needs to be prevented in order to retain the shape memory
properties [10–20]. Once the irreversible bct is formed, the
alloy must be annealed at temperatures above 1173 K and
then quenched again in order to restore the martensitic
transformation. The stability range of the thermoelastic
martensite is therefore restricted to temperatures between
the fcc–fct and fct–bct transformation zone. Both the fcc–
fct and fct–bct transformation temperatures strongly
depend on composition, and just a slight increase in the
Pd content may cause an abrupt decrease of both transfor-
reserved.
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mation temperatures [8,9]. The addition of a new element
has been shown to be an effective way to control the MT
temperatures of these alloys [21–28]. Nevertheless, there
exist other different parameters such as internal stresses,
point defects, dislocations and other bi-tri-dimensional
microstructural defects that could play an important role
in the characteristics of the different phase transformations
and in its stability [29–36]. Epitaxial films show a tunable
dependence on the strain that modifies the magnetic prop-
erties of the Fe–Pd alloys [37]. On the other hand, the
motion of magnetic domains also depends on their interac-
tion with structural defects [38]. It is the aim of the present
investigation to address the impact of the intrinsic defects
(in particular dislocations) on the stability of the fct mar-
tensite concerning their transition to the irreversible low
temperature bct martensite.
2. Experimental

Polycrystalline ingots of nominal composition Fe70P-
d30(at.%) were prepared from high purity elements by
arc-melting under protective Ar atmosphere. The ingots
were homogenized in vacuum quartz ampoules at 1273 K
for 24 h. In order to retain the disordered c(Fe, Pd) cubic
structure, in which the MT occurs, the ingots were sub-
jected to a 30 min annealing treatment at 1173 K in a ver-
tical furnace, followed by quenching into iced water
(AQ). Once treated, the composition of the elaborated
alloys was analyzed by energy dispersive X-ray spectros-
copy in a JEOL JSM-5610LV scanning electron microscope
(SEM). Small samples for calorimetric measurements were
obtained from disks previously cut from the center of the
ingots by a slow-speed diamond saw. In order to determine
the transformation temperatures, differential scanning calo-
rimetry (DSC) measurements were carried out at a heating/
cooling rate of 10 K min�1 in a TA Q100 calorimeter under
a nitrogen protective atmosphere. Different thermal treat-
ment cycles involving heating and cooling runs with differ-
ent minimum and maximum temperatures within an
interval of �173 K and 623 K were performed. Neutron
diffraction measurements were performed at the D1B
installation at the Institute Laue-Langevin, Grenoble. The
diffraction measurements were carried out from room tem-
perature (RT) down to 10 K and again up to RT at a cool-
ing/heating rate of 1 K min�1. The neutron wavelength was
1.28 Å. The Fullprof program [39,40] was used for per-
forming the profile matching in order to determine the spa-
tial groups and the cell parameters.

Mechanical spectroscopy (MS), referred to as the inter-
nal friction method in the early literature, involves the
simultaneous measurement of damping, Q�1 (or internal
friction) and natural frequency (f) as a function of temper-
ature and/or strain [41–45]. Measurements were performed
in a mechanical spectrometer based on an inverted torsion
pendulum under Ar at atmospheric pressure. The maxi-
mum strain on the sample surface was 5 � 10�5. The mea-
surement frequency was �4 Hz (except for measurements
performed to obtain the activation energy of the relaxation
processes). The heating and cooling rates employed in the
tests were 1 K min�1. Damping can be calculated from
the slope of the natural logarithm of the decaying ampli-
tudes vs. time, such that [41,42].

lnðAnÞ ¼ lnðA0Þ � pQ�1n ð1Þ
where An is the area of the nth decaying oscillation, A0 is
the initial area of the starting decaying oscillation and n
is the period number. For all these measurements the same
initial and final values of the decaying amplitudes were used
to avoid distortions linked to the appearance of amplitude-
dependent damping (ADD) effects [45]. ADD, i.e. damping
as a function of the maximum strain on the sample, e0, was
calculated from Eq. (2) [45–47]:

Q�1ðe0Þ ¼ �
1

p
dðlnðAnÞÞ

dn
ð2Þ

The decaying of the oscillations was performed at con-
stant temperature (T ± 0.5 K). Polynomials were fitted to
the curve of the decaying areas of the torsional vibrations
as a function of the period number by means of chi-square
fitting. Subsequently, Eq. (2) was applied. Polynomials of
degree higher than 1 indicate that Q�1 is a function of e0,
leading to the appearance of ADD effects, as can be
inferred easily. This procedure allows us to obtain damping
as a function of the maximum strain (e0) from free decaying
oscillations [45–47]. The strength of the ADD behavior can
be determined through the average slope of the Q�1(e0)
curve using the S coefficient [45–47]:

S ¼ DQ�1

De0

ð3Þ

where DQ�1 is the damping change corresponding to the
full amplitude changes De0 measured in the whole oscillat-
ing strain range. Depending both on the oscillating strain
level (usually higher than 10�6) and on the measuring tem-
perature, the damping can be either amplitude-independent
or amplitude-dependent. ADD is usually a consequence of
interaction processes involving mobile dislocations through
thermally activated mechanisms. The thermally assisted
break-away of dislocations from weak pinning points is
one such example. Mechanisms involving the dragging of
jogs by screw dislocations, or the pinning by large precipi-
tates or other blocked dislocations, lead to nearly ampli-
tude-independent damping processes [48,49].

The elastic shear modulus, G, was calculated from the
proportionality relationship with the square of the natural
oscillating frequency (f). This relation for the case of a
bar of rectangular section is [45,50,51]:

G ¼ ð2pÞ2f 2l II

ka3b
af 2 ð4Þ

where k is a constant which depends on the ratio b/a, II is
the moment of inertia of the oscillating system, l is the
length of the sample and a and b are the half thickness
and width of the sample, respectively.
3. Results and discussion

The structural transformations have been studied by
DSC measurements. Fig. 1a shows DSC thermograms for
the sample in the as-quenched state. The exothermic (endo-
thermic) peak observed on cooling (heating) corresponds to
a direct (reverse) thermoelastic MT. The measured enthalpy
is 0.8 J g–1 and corresponds to the full transformation from
fcc austenite to fct martensite [28]. In order to determine
the stability of the fct phase, the next measurement was per-
formed down to a lower temperature limit, as shown in
Fig. 1b. As expected, the thermogram exhibits two exother-
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Fig. 1. (a) Cooling–heating DSC thermogram for a Fe–Pd sample in
the as-quenched state. The lower temperature is above the starting
point of the irreversible transformation. (b) Subsequent DSC thermo-
gram measured first on cooling from RT to detect the irreversible bct
phase and then on heating. (c) DSC corresponding to a sample with an
intermediate thermal treatment at 603 K (heating in situ in the DSC).
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Fig. 2. (a) DSC thermograms performed on several consecutive
thermal cycles on a sample in the as-quenched state increasing the
maximum measuring/aging temperature (Taging). The inset shows a
zoom of the DSC response for the temperature range where MT
develops. (b) Change in the transformation temperatures as a function
of the post-quench aging temperature (Taging).

112 J.I. Pérez-Landazábal et al. / Acta Materialia 86 (2015) 110–117
mic processes on the first cooling ramp: the high tempera-
ture peak associated to the forward fcc–fct transformation
and a low temperature series of peaks corresponding to the
burst-like fct–bct irreversible transformation [27]. The irre-
versibility is confirmed by the reduction on the heating
curves of the corresponding endothermic peak linked to
the reverse MT to the fcc austenitic phase. On heating,
the MT is broad and the estimated transformation enthalpy
is DH = 0.4 J g–1, half the original one. Therefore, the high
and low temperature exothermic processes must be defini-
tively linked to the reversible and irreversible transforma-
tion, respectively. Once the irreversible phase is produced,
the microstructure is a mixture of bct phase and austenite
or martensite fct depending on the temperature. The Curie
temperature of the alloy at Tc = 560 K can also be identi-
fied in Fig. 1b. An intermediate thermal treatment at
603 K by heating in situ in the DSC restores partially the
MT as observed in Fig. 1c, reducing the transformation
temperature and the width of the transformation peak.
Comparing the involved enthalpies before and after heating
up to 603 K, �50% of the material transforms between aus-
tenite and martensite and 50% of the alloy has transformed
to the irreversible bct phase. The thermal treatment could
produce different microstructural changes such as atomic
ordering, dislocation recovery, internal stresses reduction
and so on [52,53].

In order to analyze in more detail the effect of post-
quench thermal treatments on the MT, DSC thermograms
on as-quenched samples subjected to several consecutives
heating/cooling thermal cycles were performed. DSC ther-
mal cycles were carried out between 253 K and a maximum
temperature (Taging) higher for each new cycle, see Fig. 2a.
This procedure makes it possible to observe “in situ” the
evolution of temperature corresponding to the maximum
of the fcc–fct MT peak on cooling, Tp

C, and heating, Tp
H,

as a consequence of each thermal treatment at the aging
temperature (Taging). Fig. 2b shows the change in Tp both
on cooling and on heating as a function of the post-quench
aging temperature, Taging. Although the change is small, the
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transformation temperature slightly decreases with the
aging temperature. It is also worth mentioning that the
thermal hysteresis (see Fig. 2b) associated to the MT
remains constant (Tp

H–Tp
C �5 K) for the different aging tem-

peratures. Finally, Fig. 3 shows the effect of a previous
annealing treatment to 673 K on the irreversible phase
transformation. The bct irreversible phase can barely be
observed on cooling down to 193 K. Only a small quantity
of “burst” peaks can be measured below 198 K (see inset in
Fig. 3). On the second cooling down the “burst” peaks
obviously disappear and, due to the small fraction of bct
formed, the MT peaks remain nearly unaffected. So the
effect of the aging treatments is to stabilize the fct phase,
increasing the temperature range where the reversible MT
can be produced. Indeed, this is an important point to be
noted for technological applications.

The phase evolution has been also determined by neu-
tron diffraction experiments performed on cooling from
RT down to 10 K and subsequently on heating from
10 K to RT. Fig. 4 shows a three-dimensional picture
(intensity, 2h and temperature) of the phase evolution
observed “in situ”. On cooling the (220)fcc reflection splits
on two new reflections corresponding to the fct structure.
On further cooling, the intensity of these fct reflections
decreases as the bct phase forms, but they do not become
zero even after cooling down to 10 K. This means that
not all the fct phase transforms into the bct structure. On
the other hand, when the sample is heated again to RT,
the reverse fct–fcc transformation occurs and then the fct
reflections merge again into the reflection whereas the
reflections linked to the irreversible phase indeed persist.
The fraction of fct martensite transforming into the bct
phase has been estimated by comparing the integrated
intensity of a fcc reflection at 320 K before and after cool-
ing down to 10 K and the 53% found agrees with the previ-
ous values determined by calorimetry. The fitting of the
textured spectra using a matching profile procedure (Full-
prof) allows us to determine the temperature dependence
of the cell parameters. The Bain distortion describes the
MT in this kind of alloy but the fct phase is obviously an
inadequate crystallographic description of the martensitic
phase. In fact the correct structure should be a bct struc-
ture. Nevertheless, the notation fct is used in the literature
to describe the reversible martensite in contrast to the irre-
versible one that appears on cooling below a critical tem-
perature. In order to see the changes of the lattice
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Fig. 3. DSC thermograms performed on a sample aged at 673 K. The
inset shows a magnification of the “burst” peak low temperature range.
parameter in the irreversible transition, the right bct (P4/
mmm space group) description of crystallographic martens-
itic structures has been used. Fig. 5 shows the “a” and “c”
cell parameters of the bct structure as a function of temper-
ature. On the other side, the inset in Fig. 5 shows the
parameter evolution described using the more usual fct cell
parameters on the reversible-to-irreversible-transformation
range. The reversible martensite is stable at �75 K below
the MT transition temperature and the “c” and “a” param-
eters decrease and increase, respectively, on cooling. The
transition to the irreversible phase is accompanied by a sud-
den change of both lattice parameters, as shown in Fig. 5
by arrows. At low temperatures both the reversible and
the irreversible phases coexist. The large misfit between
both phases should be adjusted by the creation of disloca-
tions or twin boundaries to relieve the otherwise enormous
stresses generated in the interphase area. Indeed, it is well
known that the misfit strain from the appearance of a sec-
ond phase leads to a plastic relaxation zone in order to bal-
ance the transformation stress and strain energy related to
the transition [31–36]. In fact, before the transition, disloca-
tions must play an important role in order to assist the
accommodation of the bct phase on further cooling. The
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larger the quantity of dislocations in the alloy, the easier
should be the irreversible transition to the bct phase. So
it could be expected that a low density of dislocations must
produce a reduction in the transition temperature. This
agrees with the previous results found by calorimetry,
where a thermal treatment of the alloy at 673 K reduces
the defects density and reduces the transition temperature
to the irreversible phase.

In any case, this kind of analysis requires a more system-
atic study of the dislocation behavior and its influence on
the transformation. Consequently, mechanical spectros-
copy, which is a powerful and sensitive technique to ana-
lyze the dynamics of structural defects like dislocations,
was used [41,42,48,49]. Fig. 6a shows damping spectra mea-
sured on warming from 253 K up to 603 K during two con-
secutive thermal cycles. During the first heating run (open
circles), a peak related to martensitic transformation
appears below room temperature. In addition, another
damping peak at �443 K develops, called hereafter P1. Sev-
eral works exist in the literature to analyze the origin and
characteristics of the MT damping peak [49,54,55]. Never-
theless, the P1 peak has not been studied previously. Efforts
performed in this work are devoted to analyzing this second
process which occurs above the MT temperature. The per-
formed DSC experiments seem to show that the physical
mechanism controlling the P1 relaxation must influence
the fcc–fct and fct–bct transitions. In the second warming
run (black circles), the sample has been subjected to a ther-
mal treatment at 603 K during the first heating, and the P1
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Fig. 6. Damping Q�1 (a) and shear modulus G (b) measured during
heating from 253 K to 603 K in two consecutives ramps for an as-
quenched sample.
peak decreases its height markedly. In fact, the peak height
during the first cooling down from 603 K was similar to the
height measured during the second warming run (not
shown here for the sake of clarity). In both heating runs
the shear modulus (Fig. 6b) increases with the temperature,
showing overall larger values during the second heating
run. During the first heating run, the shear modulus curve
shows a first stage linked to the MT at around RT, a second
stage between RT and 548 K and a clear slope change
above 548 K. On the second one the MT can be also
observed but the slope change disappears.

Mechanical spectroscopy thermal cycles performed on a
sample cooled below the irreversible transformation range,
Fig. 7, shows the same behavior as that shown in Fig. 6 for
a sample free of irreversible phase. In this case the sample
above room temperature shows a mixture of austenite
and irreversible bct martensite (see Figs. 4 and 5). Never-
theless, the presence of the irreversible phase reduces the
net height of P1 damping peak, indicating that this P1 peak
must be related to the intrinsic properties of the austenitic
phase. In thermal cycles performed on a sample cooled to
173 K, Fig. 7, the maximum temperature reached in each
consecutive cycle was increased in the following values:
603 K, 673 K and 773 K. The higher the temperature of
the thermal treatment, the lower the damping value. This
seems to indicate that the mechanism responsible for this
damping process must be related to an unstable thermody-
namic state [49,56]. On the other hand, the shear modulus,
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J.I. Pérez-Landazábal et al. / Acta Materialia 86 (2015) 110–117 115
Fig. 7b, increases with the temperature, showing overall lar-
ger values during the consecutive heating runs. Besides, the
shear modulus measured during cooling from high temper-
ature fits perfectly with the subsequent heating run. In any
case, a continuous increase of the elastic modulus and a
reduction in the damping behavior hint to a mechanism
involving recovery of dislocations and defects or a precipi-
tation processes [41,48,52,53,56,57]. Neither DSC measure-
ments (see Figs. 1 and 2) nor X-ray diffraction experiments
seem to indicate the presence of new phases during heating.
Therefore, a recovery of defects could be controlling the
damping behavior in this temperature range.

Fig. 8 shows the net damping P1 peak after background
subtraction corresponding to spectra shown in Fig. 7
(damping background subtraction was performed by
means of Peak Fit V.4 soft [58] using cubic polynomials).
As shown, the P1 intensity depends on the thermal treat-
ment and decreases as soon as the maximum reached tem-
perature increases. Thermal treatments above 773 K do not
reduce the peak intensity (results not shown here). Never-
theless, torsion plastic deformation performed “in situ” at
the spectrometer leads not only to an increase in the whole
background damping but also to an increase in the peak
height of P1 peak, see crosses in Fig. 8. As expected, a
new quenching procedure restores the P1 peak height to
similar values to those shown in Fig. 6 for the as-quenched
sample. Since deformation increases the damping values
corresponding to the P1 peak, dislocations are clearly a can-
didate responsible for the relaxation process [41–44,47].

The appearance of ADD has been checked through the
S parameter for some measurements of the whole set shown
in Fig. 7. Fig. 9 shows the S values as a function of temper-
ature for the spectra corresponding to the as-quenched
sample and after an annealing to 603 K. The result differs
from zero just for temperatures where the martensitic phase
occurs. Non-linear anelasticity is selectively related to the
motion of linear/planar defects and therefore is an efficient
tool of studying pinning-related phenomena [49,54,59]. The
MT transformation has been analyzed in detail in different
alloy systems by mechanical spectroscopy [59–61]. The
higher values of S for the annealed sample shown in
Fig. 9 indicate that the amount of quenched-in defects
has decreased and then both the dislocations and variants
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Fig. 8. Internal friction Q�1 after background subtraction measured
during heating from 173 K to 603 K in two consecutives ramps (black
and white holes). A third heating to 603 K (crosses) and a subsequent
heating to 773 K (triangles) are also shown. The effect of torsion plastic
deformation performed in situ is shown by squares.
increase their mobility. Nevertheless, within the tempera-
ture range of P1, the S values are null, indicating that the
damping occurs without amplitude-dependent effects, i.e.
the damping behavior is linear. Since the mechanism
responsible for the P1 relaxation seems to involve disloca-
tion movements, the absence of ADD effects would indicate
that dislocation movement occurs without thermally acti-
vated break-away [41,42,44–48,62]. On the other hand,
the behavior of the elastic modulus as a function of temper-
ature (see Fig. 7b), where an inverse modulus dependence
on temperature occurs, could indicate that the damping
peak involves the dragging of point defects by the disloca-
tion during their movement [63–65].

In order to check this point in detail, the activation
energy and pre-exponential factor for the relaxation time
corresponding to the P1 peak were obtained using the peak
temperature shift measured at different oscillation frequen-
cies (see Fig. 10) [41–43]. The values measured in a sample
with stabilized damping (after heating the sample to 773 K)

are Ea = (1.0 ± 0.1) eV and so = 5 � 10�(13 ± 0.5) s. Indeed,

above 220 K the migration and clustering of vacancies
develops [66–68] and the obtained value of 1.0 eV is close
to the activation energy for vacancy migration in a-
Fe, � 1.3 eV [66]. In addition, the calculated value of the
pre-exponential factor is within the usual range for disloca-
tion relaxation processes [41,69]. Consequently, the driving
force for the development of P1 relaxation can be proposed
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Fig. 10. Arrhenius plot corresponding to the P1 peak.
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Fig. 11. Evolution of the b = W/WD parameter (W is the width of the
measured damping peak and WD corresponds to a single relaxation
time, Debye type) as a function of the thermal treatment. Cycle 1: as-
quenched sample; 2: sample heated to 603 K; 3: heated to 603 K again;
4: heated to 673 K; 5: heated to 773 K; 6: after room temperature “in
situ” deformation. The full line is a visual guide.
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as a dislocation dragging mechanism controlled by the
migration of vacancies without break-away.

The width (b) of the P1 peak as a function of the thermal
treatment was analyzed by the ratio [41,42,47]:

b ¼ W =WD ð5Þ
where W is the width of the measured net damping peak,
considered to be described by a log-normal distribution
function of relaxation times, and WD is the width for a
Debye-type peak calculated for the previous measured acti-
vation energy. It is well known that b = 1 means that the
damping peak is of Debye type, i.e. it is controlled by a sin-
gle relaxation time [41–43]. The b parameter for the as-
quenched sample is close to 3 and decreases markedly as
the sample is annealed during the successive heating runs
performed along the work, Fig. 11. The decrease in b indi-
cates that the distribution spectra of dissipative micromech-
anisms are decreasing as the thermal cycles increase. This
evolution is in agreement with the above exposed about
the mechanism controlling P1 peak since the thermal treat-
ment reduces the number of dislocations and vacancies, so
reducing the width of the distribution function of relaxa-
tion times. Accordingly, a plastic deformation increases
again the b parameter, due to the formation of new disloca-
tions and vacancies. Therefore, annealing of FePd samples
over 600 K leads to a recovery of the structure which hin-
ders the accommodation of the misfit strain promoted by
the formation of the bct phase, giving rise to a decrease
in the temperature for the appearance of the irreversible
bct phase. A direct observation of the distribution and dis-
location density after the different thermal treatments could
help to get a deeper insight into the recovery processes and
to corroborate the obtained results.
4. Summary and conclusions

The stability at low temperatures of the thermoelastic
martensite in FePd alloys is restricted by the irreversible
fct–bct phase transformation. DSC experiments demon-
strate that a thermal treatment above 600 K clearly stabi-
lizes the alloy, reducing the fct–bct transformation
temperature. The large misfit between the cell parameters
of fct and bct phases found by neutron diffraction must
be accommodated by dislocations. The presence of disloca-
tions and their dynamics has been analyzed by mechanical
spectroscopy. A relaxation peak at �443 K related to the
dislocation movement has been identified. The driving force
can be proposed as a dislocation dragging mechanism con-
trolled by the migration of vacancies without break-away.
Defects such as dislocations and vacancies have been
shown to play an important role in the irreversible phase
transformation temperature. A reduction in the dislocation
density reduces the irreversible transformation temperature
and so increases the stability range of the fcc–fct reversible
transformation.
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